Previous researchers have shown that for low scatterer concentrations, the scatterer numbe:r density in an ultrasound pulse-echo experiment can be obtained from ratios of the fourth to the second moment of the backscattered signal. In this paper a new method is presented fo:r determining an effective scatterer number density, which is the actual number density multiplied by a frequency-dependent factor that depends on the differential scattering cross sections of all scatterers. The method of data reduction goes beyond the work of previous authors in that, in addition to accounting for the possibility that different sets of scatterers may dominate the echo signal at different frequencies, it also explicitly retains both the temporal nature of the data acquisition and the properties of the ultrasound field in the data reduction. Tests of the method in phantoms yielded good agreement between measured values of the effective scatterer number density and number densities calculated using first principles.
INTRODUCTION
Ultrasonic backscattering from tissue has the character of random signals. This is caused by random inhomogeneities of the acoustic properties of biological tissues and is responsible for the "speckle" pattern observed on clinical B-mode images. These random signals contain useful information related to the scattering structures of tissue. For example, the backscatter coefficient is obtained from the second moment of the backscatter signal.
• In this paper we will describe a method for extracting a new tissue characterization parameter called the effective scatterer number density from the second and fourth moments of backscattered signals.
The backscattered signal results from a superposition of waves scattered from weak, randomly distributed inhomogeneities in tissue. When the number of randomly positioned inhomogeneities (scatterers) is large enough, applying the central limit theorem, the statistical properties of these signals approach those of a Gaussian distribution. Thus, the real and imaginary parts of the scattered signal are zero-mean, jointly Gaussian random variables, and the magnitude of the backscattered signal follows a Rayleigh distribution. 2 However, if the number of scatterers in a Most of these models do not set up •. clear relationship between the scatterer number density and other properties of the scattering medium. For example, the effect of frequency on the result has not been considered, even though this may be important for biological tis,,;ue. In the case of human liver, for example, it has been proposed that there are two sets of scatterers, one set being on the order of a millimeter in size, and the other set bei:ag in the range of 20--40 pm. ]o Each set would dominate the backscatter signal at different frequency ranges.
Other difficulties with previous models for estimating scatterer number density include use of approximations to obtain the scattering volume. Sleefe and Weng have taken the volume of scatterers involved to be bounded laterally by the -3-dB beamwidth in the gated region. Another approximation is that, corresponding to a segment of an echo signal, there exist two planar surfaces perpendicular to the axis of the transducer that bound the scatterers contributing to the signal. Two such bounding surfaces will exist, but they are not planar; each surface likely has a shape lying between a plane and a spherical surface, the latter having its center at the center of the transducer surface. t In this article, we describe a method to determine a parameter termed the "effective scatterer number density" which avoids the uncertainties described above. The parameter is clearly defined and can be accurately determined without making the above approximations. 
where P(M) is the probability that there are M scatterers in Aft. Note, the following theorem was employed in the last step: The expectation value of a product of independent random variables equals the product of their expectation values. Here, 0pi ( A (r,ro 1 )A* (r,ro2) ]2)r ( [`4 (r,ro3)A* (r,w4) Equation (18) can be used for determination of the effective scatterer number density, if the pulse and/or gate duration are long enough.
C. Broadband pulses
The method described in Sec. I B may find it greatest use in evaluating the effective scatterer number density when broadband pulses are employed. The results using broadband pulses can yield an effective scatterer number density over a range of frequencies.
For a medium that has a high scatterer number density or for high-resolution imaging, one should use a short duration window instead of a long duration window to reduce the total number of scatterers in each sample volume. In that case, it is necessary to introduce a backscatter frequency-dependent function in Eq. (13) Table I. A block diagram of the equipment used is shown in Fig. 3 . Two focused transducers were used to transmit pulses and receive the resulting' backscattered echo signals.
The diameters and radii of curvature of the transducers are given in Table II 
